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Available online 22 July 2014AbstractTheoretical study of structural stability and elastic properties of a- and b-MgPd3 intermetallic compounds as well as their hydrides have been
carried out based on density functional theory. The results indicate a-MgPd3 is more stable than b phase with increased stability in their hy-
drides. The calculated elastic constants of a-MgPd3 are overall larger than b phase. After hydrogenation, the elastic constants are enlarged. And
the elastic moduli exhibit similar tendency. The anisotropy of a-MgPd3 is larger than b phase, and the hydrides demonstrate larger anisotropy.
Their ductility follows the order of a-MgPd3H0.5 < a-MgPd3 < b-MgPd3H < b-MgPd3. Compared with b phase, higher Debye temperature of a-
MgPd3 implies stronger covalent interaction, and the Debye temperature of hydrides increases slightly. The electronic structures demonstrate
that the PdePd interaction is stronger than PdeMg, and PdeH bonds play a significant role in the phase stability and elastic properties of
hydrides.
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Hydrogen storage material is one of the keys for the future
hydrogen economy [1,2]. Particularly magnesium hydride is
one of the most attractive hydrogen storage materials because
of the high storage and low cost [3]. Unfortunately, the high
stability and slow kinetics hinder the practical applications of
magnesium hydride [4]. Many attempts have been made to* Corresponding author. School of Chemistry and Chemical Engineering,
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catalysts [5,6].
Palladium is a traditional hydrogen storage material [7],
and is also well-known catalytic material [8,9], it can greatly
improve hydrogen storage properties of alloy [10,11]. MgePd
composite thin film materials have exhibited excellent
hydrogen storage properties [12,13]. Higuchi et al. [14]
observed the significant improvement of dehydrogenation in
Pd/Mg/Pd films. Chen et al. [15] showed that the alloying
effect of Pd may improve the hydriding/dehydriding kinetics
of MgH2. Recently, MgePd system has attracted a strong in-
terest because it could give valuable insight for the synthesis
of more practical hydrogen storage materials. Consequently,
several stable phases have been reported in MgePd system,
such as Mg6Pd [16], Mg3Pd [17], MgPd [18], MgPd2, MgPd3
and Mg3Pd5 [19], the structural and hydrogen storage prop-
erties of these phases have been one subject of recent in-
vestigations [16,17,19].ngqing University. Production and hosting by Elsevier B.V. Open access under CC BY-NC-ND license.
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by Wannek [19], and two configurations have been observed:
one is the ground state a phase with D023 structure, the other is
metastable b phase with L12 structure [20]. The a phase can
transform to b phase by H-induced atomic rearrangement at
750 K. At room temperature, a phase incorporates hydrogen
without structural transformation. And in the absence of
hydrogen, the a/b transition has not been found even after
prolonged annealing at high temperature [20]. It is further
observed that b-MgPd3H is more stable than a-hydride [21],
and hydrogen can remove from b-hydride, then b-MgPd3 can
be obtained again. However, so far the microstructure and
phase stability of MgPd3 have not been studied theoretically.
Due to the close association with fundamental solid state
properties, the elastic properties are the basic parameters for
the technical application of materials [22], so it is necessary to
intensively study the elastic properties of MgPd3 intermetallic
compound and its hydride. In particular, the ZrAl3-type (…
AABB …) long-period superstructure (LPS) would strongly
affect the mechanical properties of metallic crystals [23].
In the present work, first-principles calculation has been
performed to study the structural stability, elastic and elec-
tronic properties of a- and b-MgPd3 intermetallic compounds
as well as their hydrides. Then the ductility and Debye tem-
perature are further discussed. The obtained results would be
helpful for understanding of structural stability, mechanical
property and bonding feature of MgPd3 intermetallic com-
pounds and corresponding hydrides.
2. Computational details
The first-principles calculations are performed using den-
sity functional theory (DFT) [24] within the generalized-
gradient approximation (GGA) [25] as implemented with a
plane-wave basis in the Vienna ab initio Simulation Package
(VASP) code [26]. The PAW potential [27] is used to treat the
core-electron interaction. The plane wave cutoff energy is set
as 330 eV in the present work. The valence electronic con-
figurations are 3s2 for Mg, 4d95s1 for Pd and 1s for H. The
atoms are fully relaxed toward equilibrium until the Hellmann-
Feynman forces are less than 0.01 eV/Å. The optimization of
geometry and calculation of total energy are carried out using
a 15  15  4 Monkhorst-Pack [28] k-point meshes for
tetragonal structure and 15  15  15 for cubic structure. The
criterion of the self-consistent convergence for the total energy
is set as 105 eV/atom.
3. Results and discussion3.1. Structure and stabilityFig. 1 shows the crystal structures of a- and b-MgPd3 as
well as their hydrides. The a phase has long-period tetragonal
superstructure based on a face-centered cubic lattice, in which
the anti-phase shift occurs every two cubes, leading to the
lower symmetry with space group I4/mmm (No. 139), while b
phase is cubic structure with space group Pm3m (No. 221).The hydrides a-MgPd3H0.5 and b-MgPd3H possess analogous
structure to their mother phases, the hydrogen atoms are found
to preferentially occupy octahedral interstices surrounded
exclusively by palladium atoms [Pd6] [20].
By full relaxation of shape and volume of unit cell as well
as international coordinates, the optimal lattice constants are
listed in Table 1, together with the available experimental data
[19,20,29]. Clearly, the calculated lattice parameters are in
good agreement with experimentally obtained ones. The pre-
sent results show that with phase transition of a to b, the
lattice constant c is enlarged very slightly (ca<4cb). After
hydrogenation, the crystal cell is expanded.
To estimate the stability of above phases, the formation
enthalpy DH at zero temperature is calculated as follows [30]:
DН ¼ ЕtotNMgEMg NPdEPd 1=2NHEH2
NMg þNPd þNH ð1Þ
where Etot represents the total energy of unit cell, EMg and EPd
are electronic total energy per atom for pure Mg and Pd in
ground state, EH2 is the electronic total energy of single H2
molecule. NMg, NPd and NH refer to the number of composition
elements in unit cell, respectively. The obtained results are
tabulated in Table 1. With and without zero point energy
(ZPE) correction, the negative formation enthalpies indicate
that four phases are thermodynamically stable, and the ground
state a-MgPd3 is more stable than b phase, which is in
agreement with experimental and other theoretical results [21].
After hydrogenation, if ZPE is not considered, the stability of
hydrides is weaker than mother phases, while considering the
ZPE correction, the result is opposite, the stability of hydrides
is increased compared with mother phases, and b-MgPd3H has
highest stability. So ZPE has significant influence on stability
of the hydrides.3.2. Elastic propertiesThe tetragonal and cubic crystals have respectively six and
three independent elastic constants, which can be obtained by
calculating the total energy as a function of the strain [31]. The
calculated details are described elsewhere [32,33]. Table 2 lists
the obtained elastic constants. In spite of no available exper-
imental data of elastic constants of the above phases for
comparison, the present theoretical results are very valuable
for further study as a reference. It can be seen that for a-
MgPd3, C33 is slightly larger than C11, indicating the incom-
pressibility along [001] direction is stronger than along [100]
direction; C44 > C66 implies that the [100](010) shear is easier
than the [100](001) shear. Compared with a phase, all the
elastic constants of b-MgPd3 are slightly smaller, indicating
the incompressibility and shear resistance are weaker. After
hydrogenation, the elastic constants are generally larger than
mother phases, implying the stronger incompressibility and
shear resistance of hydrides.
The condition of mechanical stability for a crystal is that its
strain energy must be positive against any homogeneous
elastic deformation. The Born mechanical stability criteria
Fig. 1. The crystal structure of (a) a-MgPd3, (b) a-MgPd3H0.5, (c) b-MgPd3 and (d) b-MgPd3H.
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elastic constants:
C11>0; C33>0; C44>0; C66>0ðC11 C12Þ>0;
ðC11þC33  2C13Þ>0; ð2C11 þC33 þ 2C12þ 4C13Þ>0:
ð2Þ
For cubic crystal the necessary conditions of mechanical
stability are given by:
C11>0; C44>0; C11 þ 2C12>0; C11 C12>0: ð3Þ
Obviously, the above four phases are mechanically stable
because their elastic constants satisfy the mechanical stability
criteria.
From the elastic constants of single crystal, elastic moduli
of isotropic polycrystalline materials can be obtained by the
VoigteReusseHill (VRH) approximation [35]. VRH approx-
imation can provide satisfactory estimate of the elastic moduli,
and experimental data has also confirmed its validity [36]. For
cubic structure, the bulk and shear moduli in Voigt and Reuss
approximation are as follows:
BV ¼ BR ¼ ðC11þ 2C12Þ=3 ð4Þ
GV ¼ ðC11C12 þ 3C44Þ=5 ð5ÞGR ¼ 5ðC11 C12ÞC44=ð4C44 þ 3C11  3C12Þ ð6Þ
for tetragonal structure,
BV ¼ ð2C11 þ 2C12 þC33 þ 4C13Þ=9 ð7Þ
BR ¼ C2

M ð8Þ
GV ¼ ðMþ 3C11 3C12þ 12C44 þ 6C66Þ=30 ð9Þ
GR ¼ 15

18BV

C2þ 6=ðC11 C12Þ þ 6=C44þ 3=C66
 ð10Þ
where M ¼ C11 þ C12 þ 2C33  4C13 and C2 ¼ ðC11 þ C12Þ
C33  2C213.
Under VoigteReusseHill (VRH) approximation,
BH ¼ ðBVþBRÞ=2 ð11Þ
GH ¼ ðGVþGRÞ=2: ð12Þ
Then the Young's modulus E and the Poisson's ratio n are
given by:
E ¼ 9BG
3BþG ð13Þ
n¼ 3B 2G
2ð3BþGÞ : ð14Þ
Table 1
The lattice constants a and c (Å) as well as formation enthalpy DH1 and DH2
(kJ/mol per atom) with and without zero point energy correction.
Lattice constants Formation enthalpy
Phase Cal. Exp. DH1 DH2
a-MgPd3 a ¼ 3.97 a ¼ 3.92a 50.82 50.55
c ¼ 15.87 c ¼ 15.65a
a-MgPd3H0.5 a ¼ 4.02 a ¼ 3.99b 51.36 49.44
c ¼ 15.84 c ¼ 16.01b
b-MgPd3 a ¼ 3.97 a ¼ 3.92c 49.68 49.41
b-MgPd3H a ¼ 4.02 a ¼ 3.98c 52.61 49.37
a Ref. [19].
b Ref. [29].
c Ref. [20].
Table 2
The elastic constants Cij (in GPa) of MgPd3 intermetallic compounds and their
hydrides.
Elastic constants
Phase C11 C12 C13 C33 C44 C66
a-MgPd3 165.87 120.14 118.93 166.69 70.48 63.69
a-MgPd3H0.5 171.85 115.86 121.03 172.52 73.34 63.76
b-MgPd3 163.64 118.87 C12 C11 62.38 C44
b-MgPd3H 176.40 128.62 C12 C11 72.29 C44
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Compared with b phase, slightly larger bulk modulus of a-
MgPd3 indicates a stronger resistance to volume change under
applied pressure [31]. After hydrogenation, the bulk modulus
increases, and the value of b-MgPd3H is larger than a-
MgPd3H0.5. The obtained shear modulus of b-MgPd3 is also
smaller than a phase, demonstrating lower shear resistance and
weaker covalent bond in b-MgPd3, because larger shear
modulus corresponds to more notable directional bonds be-
tween atoms [37]. The shear moduli of both hydrides are higher
than corresponding mother phase, and a-MgPd3H0.5 possesses
the larger resistance to reversible shear deformations than b-
MgPd3H due to the higher shear modulus. Young's modulus is
defined as the ratio of uniaxial stress and axial strain, which
provides a measurement of the stiffness for materials, and the
larger the Young's modulus is, the stiffer the material is [38].
From the calculated values in Table 3,a-MgPd3 is slightly stiffer
than b phase, the stiffness of their hydrides is enhanced. Based
on elastic moduli, Chen [39] puts forward a prediction formula
of the hardness value as HV ¼ 2(k2G)0.5853, (k ¼ G/B). The
calculated results demonstrate essentially similar tendency to
the Young's modulus.
For isotropic polycrystalline materials, Poisson's ratio is
correlated with ductility of materials, it has been used as a
parameter to identify intrinsic ductility of crystals [40]. The
higher Poisson's ratio implies the better ductility of materials.1
G
¼ 2S11

1 l21

l21þ 2S11

1 l22

l22þ 2S33

1 l23

l23 4S12l21l22 4
1=2S44

l22þ l23 4l22l23
þ 1=2S44l21þ l23  4l21l23þ 1=2S66l21þAs seen from Table 3, all four phases have a Poisson's ratio
over 0.34, showing nicer ductility. Because the range of
Poisson's ratio for central-force solid is 0.25e0.50 [41], the
interatomic forces in the four phases still exhibit central-force
feature. Experimental results of many crystals reveal that the
L12-type atomic order is significantly more ductile than the
D023-type order, which is due to the lack of a sufficient
number of slip systems in the D023 structure [42]. Apparently,
the calculated results are in accordance with the above feature.
Pugh [38] also introduces the B/G ratio as empirical criterion
to estimate the ductility or brittleness of materials. If B/
G > 1.75, the ductile behavior is predicted, otherwise the
material behaves in brittle manner. The obtained B/G ratio of
the four phases is greater than 1.75, so they would behave as
ductile, and b-MgPd3 is the most ductile. The ductility of
hydrides is lowered prominently due to hydrogen embrittle-
ment effects [43]. Cauchy pressure is also related to the
ductility of materials, because it implies the angular character
of atomic bonding in metals [44]. A positive Cauchy pressure
reveals ductility of crystal, while a negative value demon-
strates brittleness [45]. The two Cauchy pressures (C12eC66)
and (C13eC44) of a-MgPd3 and its hydride with tetragonal
structure as well as the (C12eC44) of b-MgPd3 and b-MgPd3H
with cubic structure are calculated, listed in Table 3. Evidently,
the positive values suggest the four phases are ductile mate-
rials, which is consistent with the above analysis. Furthermore,
the ductility follows the order of a-MgPd3H0.5 < a-
MgPd3 < b-MgPd3H < b-MgPd3.3.3. Elastic anisotropyElastic anisotropy of crystals is important since it correlates
with the possibility to induce micro-cracks in materials [46].
To illustratively describe the elastic anisotropy, the two-
dimensional directional dependence of elastic moduli is
studied. For cubic crystal, the bulk, shear and Young's moduli
anisotropy are expressed as
1
B
¼ 3ðS11þ 2S12Þ ð15Þ
1
G
¼ S44þ 4ðS11  S12 1=2S44Þ

l21l
2
2 þ l22l23þ l21l23
 ð16Þ
1
E
¼ S11  2ðS11  S12 1=2S44Þ

l21l
2
2 þ l22l23þ l21l23
 ð17Þ
for tetragonal crystal,
1
B
¼ l21þ l22ðS11þ S12þ S13Þ þ l23ð2S13 þ S33Þ ð18ÞS13l
2
1l
2
3 4S13l22l23þ
l22 4l21l22
 ð19Þ
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E
¼ l41þ l42S11 þ l43S33 þ l21l22ð2S12þ S66Þ þ l23l21þ l22ð2S13
þ S44Þð20Þ
where Sij are the elastic compliance constants, and l1, l2, l3 are
the directional cosines to the x, y, z axes, respectively. The
calculated results are shown in Fig. 2. Although bulk modulus
by volume compression is direction independent, by liner
compression it varies with direction, so the directional
dependence of bulk modulus anisotropy [41] is considered
here. For a-MgPd3, the linear bulk modulus anisotropy on ab
and ac planes exhibits near circular shape, so it is nearly
isotropic. Different from mother phase, the projection on ac
plane for a-MgPd3H0.5 displays ellipsoidal shape with Bc
slightly bigger than Ba, so the incompressibility along the c-
axis is larger than that along the a-axis. The linear bulk moduli
of b phase and its hydride are typically isotropic. Notably the
shear moduli of four phases are anisotropic, because their
projections deviate from the circle seriously. On ab plane, the
shear moduli of four phases have equal maximum along a-axis
and b-axis. With deviation from a- and/or b-axis, the shear
moduli are reduced, and reaches the minimum up to about 45,
which indicates that the resistance to shear along diagonal
direction is the weakest. The reduced trend of a-MgPd3 is
stronger than its hydride. On ac plane, the shear anisotropy of
a-MgPd3 as well as its hydride displays similar tendency,
though the shear modulus along c-axis is slightly larger than
one along a-axis. b-MgPd3 and its hydride also have analo-
gous characteristic in shear anisotropy with same value along
the principle axes. The Young's modulus is also anisotropic.
On ab plane, Young's moduli of four phases have equal min-
imum along a-axis and b-axis, and the value increases grad-
ually from a-axis to the diagonal direction, which is just
opposite to the variation trend of shear anisotropy. The
increasing trend for a-MgPd3H0.5 is the gentlest among the
four phases. Compared with ab plane, on ac plane along di-
agonal direction, the Young's modulus of a-MgPd3H0.5 is the
largest, so indicates the highest stiffness, and the value along
c-axis is smaller than along a-axis. As a whole, the anisotropy
of B, G, E for a-MgPd3 is larger than b phase, and the value of
hydrides is bigger than their mother phases.3.4. Debye temperatureThe Debye temperature QD is closely related to many
physical properties such as specific heat, melting point andTable 3
The elastic moduli B, G, E, Vickers hardness HV, Poisson's ratio n and Cauchy
pressure (in GPa).
Phase B G E HV n B/G C12eC66 C13eC44
a-MgPd3 134.79 44.52 120.31 2.04 0.35 3.03 55.91 49.66
a-MgPd3H0.5 136.96 47.38 127.45 2.52 0.34 2.89 52.10 47.69
b-MgPd3 134.46 41.02 111.70 1.38 0.36 3.28 56.49 56.49
b-MgPd3H 144.55 46.43 125.81 2.01 0.35 3.11 56.33 56.33elastic constants [47], and it can be estimated through the
mean sound velocity using the following equation [48]:
QD ¼ h
k

3n
4p

NAr
M
	
1=3
nm ð21Þ
where h is Plank's constant; k is Boltzmann's constant; NA is
Avogadro's number; r is density; M is the molecular weight
and n is the number of atoms in the molecule. The average
wave velocity nm is approximately estimated by the equation:
nm ¼

1
3

2
n3t
þ 1
n3l
	
1=3
ð22Þ
where nl and nt are longitudinal and transverse elastic wave
velocity of the polycrystalline materials and can be obtained
using the polycrystalline bulk modulus and shear modulus
from Navier's equation:Fig. 2. The projections on ab and ac planes of elastic anisotropy for (a) bulk,
(b) shear and (c) Young's modulus.
Table 4
The density r (g/cm3), transverse, longitudinal and mean elastic wave velocity
nt, nl, nm (m/s) and Debye temperature QD (K).
Phase r nt nl nm QD
a-MgPd3 9.12 2209 4614 2485 296
a-MgPd3H0.5 8.95 2301 4728 2585 318
b-MgPd3 9.12 2121 4554 2388 284
b-MgPd3H 8.81 2295 4840 2582 327
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
Bþ 4G=3
r
	1=2
ð23Þ
nt ¼

G
r
	1=2
ð24Þ
The calculated Debye temperature of the four phases is
summarized in Table 4. It can be seen that a-MgPd3 has a
higher Debye temperature than b phase, and the values
rise slightly upon hydrogenation. At low temperature the
Debye temperature calculated from elastic constants is the
same as that determined from specific heat measurements
[41]. The calculated results imply that compared with b
phase, a-MgPd3 has higher specific heat. The QD can also beFig. 3. The DOS of (a) a-MgPd3, (b) b-MgPd3, (c) a-MgPd3H0.5 and (d) b-MgPd3
displays the local magnification of Pd-d states around 7.5 eV.used to characterize the strength of covalent bonds in solids
[49], the obtained results indicate the covalent bonds in a-
MgPd3 are stronger than in b phase. The Debye temperature
of hydrides increases slightly due to the formation of PdeH
bonds.3.5. Electronic structureIn order to understand bonding character clearly, the den-
sity of states (DOS) is calculated, as shown in Fig. 3.
Evidently, the total DOSs of the four phases exhibit metal
feature. For a-MgPd3, the bonding states are dominated by
Mg-s, Mg-p and Pd-d, the evident hybridization of these states
implies that the bonds between Mg and Pd atoms have a co-
valent character. The strong PdePd overlapping can also be
observed due to the more valance electrons. The DOS of b-
MgPd3 is similar to one of a phase, the major difference is
presence of higher density of Mg-s and Pd-d states just above
the Fermi level. The calculated DOS at Fermi level (NEF) for
a- and b-MgPd3 is 1.05 and 1.13 states/eV per atom respec-
tively, which also demonstrates a-MgPd3 is more stable than b
phase, because the smaller NEF value implies the more stableH. The Fermi level is set at zero and marked by vertical dash lines. The insert
Fig. 4. The COHP of (a) a-MgPd3, (b) b-MgPd3, (c) a-MgPd3H0.5 and (d) b-MgPd3H. The Fermi level is set at zero and marked by vertical dash lines.
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orbital Hamilton populations (COHP) is also investigated as
shown in Fig. 4. Because the negative COHP indicates the
occupation of bonding state while positive value implies anti-
bonding [51], the interaction of PdePd is stronger than
MgePd, and anti-bonding states in b-MgPd3 including
MgePd and PdePd bond are more than in a-MgPd3. More-
over, integrated COHP (ICOHP) up to Fermi level can give the
magnitude of the bond strength and the smaller value implies
the stronger chemical bond [52]. As displayed in Table 5, the
ICOHP of MgePd interaction for a and b phase is respective
0.03 and 0.01 eV/bond, indicating the MgePd bond in aTable 5
The calculated DOS at Fermi level (states/eV per atom) and integrated COHP
(eV/bond).
ICHOP
Phase NEF MgePd PdePd PdeH
a-MgPd3 1.05 0.03 0.20 e
a-MgPd3H0.5 0.64 0.19 0.35 0.12
b-MgPd3 1.13 0.01 0.13 e
b-MgPd3H 0.59 0.43 0.72 0.17phase is stronger than one in b phase. The ICOHP of PdePd
interaction for a phase is also smaller than b phase, so the
stability of b-MgPd3 would be reduced somewhat.
In both a- and b-hydrides, the stronger DOS main peak of
H-s appears around 7.5 eV in lower energy range, it is
hybridized with Pd-d state as shown in the inset, demon-
strating the existence of obvious PdeH bonds. Furthermore,
the DOS at Fermi level is reduced, and the total DOS
extends slightly to the lower energy region. So the stability
of hydrides is increased in comparison with the corre-
sponding mother phases. For a-hydride, it is useful to
discuss the DOS of three different Pd atoms at Wyckoff
position 4c, 4d and 4e, because the different local environ-
ment may result in the different strength of chemical bond.
Considering the fact that in the range from 6.0 eV to Fermi
level, the difference of Pd-d states at different Wyckoff
positions is very small, so the obvious difference of DOS in
lower energy range from 9.0 eV to 6.0 eV is studied in
detail. As seen from Fig. 5(a), the DOS of Pd-d at 4c site is
larger than one at 4e site, so the interaction of H with the
former Pd is stronger than the latter, whereas the interaction
of Pd at 4d site with H is unperceivable due to the larger
distance. In b-MgPd3H, the six Pd atoms surrounding H are
Fig. 5. The DOS of H-s and Pd-d from 9.0 eV to 6.0 eV for (a) a-MgPd3H0.5 and (b) b-MgPd3H.
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a-hydride because of the more hybridization of Pd-d with H-
s states as shown in Fig. 5(b). Moreover, the H-containing
[Pd6] octahedron in b-hydride is double that of a-hydride,
and the hybridization peak shifts towards to lower energy
range slightly, so b-MgPd3H is more stable than a-
MgPd3H0.5. From the COHP curves in Fig. 4 (c) and (d), it
can be seen that the addition of hydrogen considerably de-
creases the MgePd and PdePd anti-bonding states, espe-
cially for b-MgPd3H. The PdeH interaction in b-hydride is
stronger than one in a-hydride. Compared with corre-
sponding mother phases, the reduced NEF value and ICOHP
further indicate the hydrides are more stable and b-MgPd3HFig. 6. Bonding charge density of typical segment on (100) plane foris the most stable, which is consistent with the results of
formation enthalpy.
To obtain more insight into the bonding nature, the bonding
charge density [53] is also investigated, the results of typical
segment on (100) plane are displayed in Fig. 6. For a phase,
the charge density between the nearest Pd atoms is higher than
one between Pd and Mg atoms, which indicates that the co-
valent interaction of PdePd is stronger, because the important
characteristic of the covalent bond is the localization of charge
density between atoms [54]. In addition, the higher charge
concentration around Pd atoms is counterbalanced by the
reduction of charge around Mg atoms, indicating partly iconic
feature of PdeMg bond. With a-MgPd3 converting to b phase,(a) a-MgPd3, (b) a-MgPd3H0.5, (c) b-MgPd3 and (d) b-MgPd3H.
Table 6
The Mulliken effective charge (MEC) and Bader's analysis given in terms of
electron.
MEC Bader charge Net charge
Phase Mg Pd H Mg Pd H Mg Pd H
a-MgPd3 1.61 0.53 e 0.46 10.51 e 1.54 0.51 e
a-MgPd3H0.5 1.60 0.51 0.08 0.47 10.49 1.10 1.53 0.49 0.10
b-MgPd3 1.62 0.53 e 0.45 10.52 e 1.55 0.52 e
b-MgPd3H 1.60 0.50 0.09 0.48 10.46 1.14 1.52 0.46 0.14
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of b-MgPd3 is lowered, due to the weaker covalent interaction
of PdeMg than PdePd. After hydrogenation, the most notable
feature is the formation of strong PdeH bonds, which may
enhance the stability of hydrides, so a-MgPd3H0.5 is more
stable than mother phase. The b-MgPd3H also has the similar
bonding features with more PdeH bonds, so is more stable.
Hence PdeH bonds may play a significant role in the stability
of hydrides.
To further reveal the electronic properties, the Mulliken
effective charge (MEC) [55] and Bader's analysis [56] are also
investigated, the calculated results are listed in Table 6.
Obviously, the Mg atom of four phase possesses the positive
MEC while Pd and H atoms are negative, the charge transfer is
from Mg to Pd and H because the positive MEC means the
charge transfer away from the atom while the negative one
means the charge transfer to the atom, so the MgePd bond has
some character of iconicity [57]. The lower MEC of Mg in a-
MgPd3 implies lesser charge transfer and weaker ionicity, so
covalence is more obvious, thus a-MgPd3 is more stable than
b phase. Upon hydrogenation, the MEC of Mg is smaller than
one in their mother phases, so the ionicity is weaker while
covalence is stronger, and the hydrides are more stable than
corresponding mother phases, which is in accord with the
above analysis. The Bader's analysis shown in Table 6 also
indicates that the charge transfer is from Mg to Pd and H
because the positive net charge denotes the charge transfer out
while the negative one means the charge transfer into. In
addition, the MgePd bond in a-MgPd3 exhibits more obvious
covalent feature than one in b phase due to the smaller net
charge of Mg [58], indicating a phase is more stable than b
phase. Compared with mother phases, the lesser net charge of
Mg for hydrides implies the stronger stability, which is
consistent with the analysis of MEC.
4. Conclusions
In summary, by means of first-principles calculations, we
have systematically investigated the structural stability,
elastic and electronic properties of a- and b-MgPd3 inter-
metallic compounds as well as their hydrides. The optimized
lattice constants are in good accordance with experimental
values. After hydrogenation, the lattice is expanded. The
calculated formation enthalpies indicate the ground state a-
MgPd3 is more stable than b phase, and the stability of hy-
drides is increased. The obtained elastic constants alsodemonstrate both a and b phases as well as their hydrides are
mechanically stable. The elastic moduli of a-MgPd3 are
larger than b phase, upon hydrogenation the elastic moduli
slightly increase. The calculated Poisson's ratio, B/G and
Cauchy pressure show that all four phases are ductile ma-
terials and b-MgPd3 is the most ductile, whereby the
ductility of the hydrides is lowered due to hydrogen
embrittlement effects. Although the four phases possess
almost isotropic bulk modulus, their shear and Young's
modulus are obviously anisotropic. The Debye temperature
increases in the sequence b-MgPd3 < a-MgPd3 < a-
MgPd3H0.5 < b-MgPd3H. The electronic structures indicate
that PdePd bond is stronger than PdeMg. With a phase
converting to b phase, part PdePd bonds are substituted by
PdeMg bonds, leading to the lower stability of b-MgPd3.
After hydrogenation, the formation of PdeH bond enhances
the stability of hydrides. So PdeH bonds play a significant
role in the stability of MgPd3 hydrides.
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